A new method of reinforcing concrete columns with steel equal angle (SEA) sections has been investigated. A total of 12 square high-strength concrete (HSC) column specimens (with 210 mm [8.26 in.] sides and 600 mm [23.62 in.] height) reinforced longitudinally with either steel bars or SEA sections were cast and tested. The lateral tie spacing of specimens varied from 50 to 400 mm (1.96 to 15.74 in.). The influences of the type of longitudinal reinforcement and the spacing of lateral ties on the behavior of HSC specimens under axial compression were investigated. Experimental results showed that the use of the SEA sections as longitudinal reinforcements in HSC column specimens led to significant improvements in the axial load-carrying capacity and ductility compared to the corresponding HSC column specimens reinforced longitudinally with steel bars. Experimental results showed that the use of the SEA sections as longitudinal reinforcements in HSC 27 column specimens led to significant improvements in the axial load carrying capacity and ductility 28 compared to the corresponding HSC column specimens reinforced longitudinally with steel bars. 
INTRODUCTION

34
Composite columns are usually used in high-rise buildings due to high strength, stiffness, ductility,
35
and seismic resistance of composite columns. 1, 2 There are two main types of composite columns:
36 concrete encased steel section and concrete filled hollow steel section. Encased composite columns
37
(concrete encased steel section) are being increasingly used as structural members because of their 38 higher fire resistance compared to the concrete filled hollow steel sections, which require protection 39 against fire. 3 Also, in the encased composite column, the local buckling resistance of encased steel 40 section is higher. 4 In addition, the use of encased steel sections in composite columns reduces the 41 cross-sectional dimensions and increases the strength-to-weight ratio of the columns. 2 According to 42 a detailed literature review carried out herein, no study is available in the literature that deals with 43 high strength concrete (HSC) columns reinforced with steel equal angle (SEA) sections.
44
The use of high-strength concrete (HSC) in the buildings has increased in recent years. [5] [6] [7] However, of the concrete. The compressive strength of the concrete was determined by testing three concrete 104 cylinder specimens of 100 mm (3.93 in.) diameter and 200 mm (7.87 in.) height according to AS 1012.9-99. 23 The average 28-day compressive strength of the concrete was 68.5 MPa (9.93 ksi).
106
Three samples from each of N12 bars and R10 bars were tested in tension according to AS 
Formwork and Steel Cages
117
The formwork used for casting the concrete specimens was fabricated from 17 mm (0.66 in.) thick and the bottom of the specimens. For all specimens, the concrete side cover was 21 mm (0.82 in.).
125
Square ties were fabricated from R10 steel bars for all specimens. All ties were bent at four corners 126 with a radius of 6 mm (0.23 in.) so that the ties could be placed over the SEA sections. Also, the ties 127 were bent for 90-degree hooks around one of the longitudinal reinforcement and extended for an 128 overlap of 80 mm (3.14 in.) at both ends. Each tie was welded at three points on the overlap. The spacing of lateral ties was reduced to 40 mm (1.57 in.) at the end regions to prevent premature failures 130 at the ends (Fig. 1) . and bottom of each SEA section (Fig. 2) . Afterwards, all steel cages were prepared by placing the 137 longitudinal and lateral reinforcement together with steel wires. The concrete was poured into the 138 formwork in three levels. An electric vibrator was used at every level to compact the concrete and 139 remove air bubbles. After 24 hours, the specimens were covered with wet hessian for 28 days to 140 ensure that the specimens remained under moist conditions. The specimens were removed from the 141 formwork after 14 days from casting and kept covered with wet hessian until 28 days from casting.
142
Instrumentation and Testing Procedure
143
The column specimens were instrumented externally to capture the axial deformation of the 144 specimens by using two linear variable differential transducers (LVDTs), as shown in Fig. 3 . The
145
LVDTs were attached to the heads of the testing machine at two opposite corners to capture the axial 146 deformation of the specimens (Fig. 3) . The axial compression was captured by the internal load cell 147 of the testing machine.
148
To ensure that the load is applied uniformly, the top surface (rough surface) of the column specimens 149 was capped with a thin layer of high strength plaster. To avoid premature failure of the specimens 150 during testing, the top and the bottom ends of the column specimens were wrapped by two layers of
151
Carbon Fiber Reinforced Polymer (CFRP) sheets with a width of 90 mm (3.54 in. 
EXPERIMENTAL RESULTS AND DISCUSSIONS
162
Definition of Ductility
163
The ductility ( ) of the tested column specimens was calculated based on the energy absorption 164 capacity of the specimen. The ductility was calculated as the ratio of the area under the axial load- 
192
The axial load-axial deformation responses of the specimens with 50 mm tie spacing are shown in effective than the A30 SEA sections in confining the concrete core of the specimen.
214
Behavior of Column Specimens with 100 mm Tie Spacing
215
Specimens B-S100, A30-S100, and A40-S100 were reinforced longitudinally with N12 steel bars,
216
A30 SEA sections, and A40 SEA sections, respectively. The spacing of lateral ties for B-S100, A30-217 S100, and A40-S100 was 100 mm (3.93 in.) at centers. All the specimens were tested up to about 218 20% of the maximum axial load in the post-peak descending branch of the axial load-axial 219 deformation response. The test results of Specimens B-S100, A30-S100, and A40-S100 are reported 220 in Table 3 . The first hairline cracks in Specimens B-S100 and A30-S100 appeared at approximately 221 90% and 82%, respectively, of the corresponding maximum axial loads. The cracks occurred at the 222 top one-third height of the specimens and then the cracks were observed at the midheight of the 223 specimens. Afterwards, the number, length, and width of cracks continued to increase until the 224 concrete cover spalled off. The hairline crack in Specimen A40-S100 was initiated at about 83% of 225 the maximum axial load. These cracks were observed at the top one-third of the specimen and then 226 the cracks extended downwards and continued to increase in number and size until the spalling of 227 the concrete cover occurred. The failure of Specimens B-S100, A30-S100, and A40-S100 was 228 characterized by the spalling of concrete cover, which was followed by outward buckling of 229 longitudinal reinforcement (Fig. 4) .
The axial load-axial deformation responses of the specimens with 100 mm tie spacing are shown in The maximum axial load of Specimen B-S100 was similar to the maximum axial load of
232
Specimen A30-S100, although, at maximum axial loads, the force contribution of N12 steel bars in
233
Specimen B-S100 was 27% higher than the force contribution of A30 SEA sections in Specimen 234 A30-S100. It was also observed that the ductility of Specimen A30-S100 was 12.5% higher than the 235 ductility of the Specimen B-S100. Specimen A40-S100 obtained 8.0% higher maximum axial load 236 compared to Specimen B-S100. The reason for the higher maximum axial load was that at the 237 maximum axial load, the force contribution of A40 SEA sections in Specimen A40-S100 was about 238 50% greater than the force contribution of N12 steel bars in Specimen B-S100. In addition, Specimen 239 A40-S100 achieved 18.8% higher ductility than Specimen B-S100. 30 The maximum axial load of Specimen A40-S100 246 was 8.3% higher than the maximum axial load of Specimen A30-S100. Also, Specimen A40-S100 247 achieved 5.6% higher ductility compared to Specimen A30-S100. This may be because the force 248 contribution of A40 SEA in Specimen A40-S100 was about 64% greater than the force contribution 249 of A30 SEA sections in Specimen A30-S100.
250
Behavior of Column Specimens with 200 mm Tie Spacing
251
Specimens B-S200, A30-S200, and A40-S200 were reinforced longitudinally with N12 bars, A30
252
SEA sections, and A40 SEA sections, respectively. The spacing of lateral ties for Specimens B-S200,
253
A30-S200, and A40-S200 was 200 mm (7.87 in.) at centers. All these specimens were tested up to 254 about 20% of the maximum axial load in the post-peak descending branch of the axial load-axial 255 deformation response. The test results of Specimens B-S200, A30-S200 and A40-S200 are reported in Table 3 . For Specimen B-S200, the first hairline crack began at about 93% of the maximum axial 257 load. This first crack occurred at the top one-third height of the specimens and then the cracks 258 appeared at the midheight of the specimen. As the axial load increased close to the failure condition,
259
the number and size of the cracks increased until spalling of the concrete cover was observed.
260
Whereas, the first hairline cracks in Specimens A30-S200 and A40-S200 started at about 91% and 261 87%, respectively, of the corresponding maximum axial loads. These cracks were observed at the 262 mid-height of the specimens. Afterwards, with the increase of the applied axial load, the number and 263 size of the cracks increased and the concrete cover spalled off. The observed failure in Specimens B-
264
S200 was attributed to the crushing of the concrete core due to the spalling of concrete cover and the 265 instability of longitudinal reinforcements (Fig. 6) . The failure of Specimens A30-S200 and A40-
266
S200 was attributed to the spalling of the concrete cover, which was followed by outward buckling 267 of longitudinal SEA sections (Fig. 6) .
268
The axial load-axial deformation responses of the specimens with 200 mm tie spacing are shown in Specimen B-S200. The reason of greater ductility in Specimen A30-S200 was that as the buckling 281 load of longitudinal reinforcement increased, the confinement effect to the concrete core increased.
31
The maximum axial load of Specimen A40-S200 was 16.3% greater than the maximum axial load 283 of Specimen B-S200. The reason of higher maximum axial load might be because the N12 steel bars 284 in Specimen B-S200 buckled before yielding, whereas the A40 SEA sections yielded before buckling 285 due to higher buckling load of A40 SEA sections than the buckling load of N12 steel bars. Also,
286
Specimen A40-S200 showed 13.3% higher ductility than Specimen B-S200. Hence, reinforcing axial load compared to Specimen A30-S200. The higher maximum axial load in Specimen A40-S200 293 may be because A40 SEA sections in Specimens A40-S200 had higher force contribution than A30
294
SEA sections in Specimen A30-S200. Also, the ductility of Specimen A40-S200 was 6.2% higher 295 than the ductility of Specimen A30-S200. The higher ductility in Specimen A40-S200 indicated that 296 A40 SEA sections provided better confinement of the concrete core.
297
Behavior of Column Specimens with 400 mm Tie Spacing
298
Specimens B-S400, A30-S400, and A40-S400 were reinforced longitudinally with N12 steel bars,
299
A30 SEA sections, and A40SEA sections, respectively. The spacing of lateral ties for B-S400, A30-300 S400, and A40-S400 was 400 mm (15.74 in.) at centers. The test results of Specimens B-S400, A30-301 S400 and A40-S400 are presented in Table 3 . It is noted that the spacing of lateral ties in the 302 specimen B-S400 was higher than the required spacing of lateral ties recommended in AS 3600-09 32
303
and ACI 318-14. 33 Specimen B-S400 was designed to compare the behavior of Specimens A30-S400
304
and A40-S400 in terms of failure mode, strength, and ductility. The first hairline cracks in Specimens
305
B-S400, A30-S400 and A40-S400 started at approximately 90%, 89%, and 88%, respectively, of 306 their maximum axial loads. These cracks were observed at the mid-height of the specimens. As the 307 applied axial load increased close to the maximum axial load, the cracks extended both upwards and downwards of the specimens. Afterwards, the number and size of the cracks increased and the 309 concrete cover spalled off. The failure in Specimen B-S400 was characterized by the crushing of 310 concrete core, which occurred after the spalling of the concrete cover and outward buckling of 311 longitudinal steel bars (Fig. 6) . The failure in Specimens A30-S400 and A40-S400 was characterized 312 by outward buckling of longitudinal SEA sections without crushing of concrete core (Fig. 6) .
313
The axial load-axial deformation responses of the specimens with 400 mm tie spacing are shown in greater than the radius of gyration of the conventional steel bar for the same cross-sectional area.
321
The lower axial load carrying capacity of Specimen B-S400 was due to the instability of longitudinal 322 bars (buckling of longitudinal steel bars at an early stage of loading), which pushed out the concrete 323 cover and created weakness planes between the concrete cover and the concrete core. Similar 324 observations were also reported Saatcioglu and Razvi. 34 Therefore, the ductility of Specimen B-S400
325
was not further analysed. The maximum axial load of Specimen A40-S400 was 52.2% higher than 326 the maximum axial load of Specimen B-S400. This significantly high maximum axial load in 327 Specimen A40-S400 was because the confinement efficiency of the concrete core of the specimens 328 increased by using A40 SEA sections as longitudinal reinforcement instead of N12 steel bars.
329
Another possible reason is that at maximum axial load, the conventional steel bars in Specimen B-330 S400 reached buckling before yielding of the longitudinal steel bars. However, at maximum axial 331 load, the A40 SEA sections in Specimen A40-S400 yielded before buckling as A40 SEA sections 332 had much higher buckling load than N12 steel bars. The maximum axial load of Specimen A40-S400 
355
The test results of the specimens in Group B are reported in Table 3 . The axial load-axial deformation 356 responses of the specimens in Group B are presented in Fig. 7(a) . The maximum axial load of
357
Specimen B-S50 was 11.5% higher than the maximum axial load of Specimen B-S100. The ductility
358
of Specimen B-S50 was 12.5% greater than the ductility of Specimen B-S100. Specimen B-S50 Specimen B-S400 resulted in buckling of the longitudinal reinforcement at an early stage of loading.
368
The test results of the specimens in Group A30 are reported in Table 3 . The axial load-axial 369 deformation responses of the specimens in Group A30 are presented in Fig. 7 
(b). Compared to
370
Specimen A30-S100, the maximum axial load of Specimen A30-S50 was only 0.2% higher. This 371 may be because the formation of a natural separation plane between the cover and the concrete core 372 caused the failure of concrete cover in Specimen A30-S50 due to the closely spaced lateral ties.
373
However, Specimen A30-S50 achieved 44.4% higher ductility than Specimen A30-S100. Specimen
374
A30-S50 obtained 6.3% higher maximum axial load than Specimen A30-S200. In addition, the 375 ductility of Specimen A30-S50 was 62.5% higher than the ductility of Specimen A30-S200.
376
Specimen A30-S50 achieved 7.3% and 73.3% higher maximum axial load and ductility, respectively, 377 than Specimen A30-S400. It is noted that the lateral tie spacing of Specimen A30-S50 was 50 mm
378
(1.96 in.) and lateral tie spacing of Specimen A30-S400 was 400 mm (15.74 in.).
379
The test results of the specimens in Group A40 are reported in Table 3 . The axial load-axial 380 deformation responses of the specimens in Group A40 are presented in Fig. 7(c) . The maximum axial 381 load of Specimen A40-S50 was 6.1% greater than the maximum axial load of Specimen A40-S100.
382
Moreover, the ductility of Specimen A40-S50 was 42.1% higher than the ductility of Specimen A40-383 S100. Specimen A40-S50 obtained 7.8% and 58.8% higher maximum axial load and ductility,
384
respectively, compared to Specimen A40-S200. Also, Specimen A40-S50 obtained about 15.1% and 385 68.8% higher maximum axial load and ductility, respectively, compared to Specimen A40-S400. For the increase of the spacing of lateral ties from 50 mm (1.96 in.) to 400 mm (15.74 in.), the maximum 
EVALUATION OF CONCENTRIC AXIAL LOAD CAPACITY
396
The axial load capacity ( ) for each column specimen was calculated using AS 3600-09 32 (Eq. (2)).
397
It is noted that the recommendation in AS 3600-09 32 is only applicable for conventional steel bar 398 reinforced concrete. In this study, Eq. (2) was used to calculate the axial load capacity for column 399 specimens reinforced longitudinally with SEA sections to investigate whether AS 3600-09 32 based 400 recommendations for steel bar reinforced concrete columns can be applied for the SEA reinforced 401 concrete columns.
where, is the gross cross-sectional area of concrete column specimen, is the total area of 403 longitudinal reinforcement, ′ is the concrete compressive strength and is the yield tensile strength 404 of longitudinal reinforcement. The 1 is a reduction factor that takes into account the differences in 405 shape, concrete casting practice and size between standard concrete cylinders and concrete columns. The experimental and calculated maximum axial loads of the tested column specimens are presented 409 in Table 4 . In Table 4 , indicates the maximum axial load obtained from the experimental investigations, indicates the calculated axial load capacity using Eq. (2) It can be observed from Table 4 that 
424
The higher ⁄ ratios for specimens reinforced with SEA sections, especially for spacing of 1. In general, the failure of the specimens reinforced with N12 steel bars was characterised by the 437 buckling of longitudinal bars, which was followed by the fracture of lateral ties at welded points for 438 50 mm (1.96 in.) and 100 mm (3.93 in.) center-to-center spacing of lateral ties. However, for 200 439 mm (7.87 in.) and 400 mm (15.74 in.) center-to-center spacing of lateral ties, the failure of the 440 specimen was characterised by buckling of longitudinal steel bars and the crushing of concrete core.
441
The failure of specimens reinforced with A30 and A40 SEA sections was characterized by the 442 buckling of longitudinal SEA sections, which was followed by the fracture of lateral ties at welded 2. The maximum axial loads of Specimens B-S50 and B-S100 were 11.6% and 2.7%, respectively, 448 greater than the maximum axial loads of Specimens A30-S50 and A30-S100. However, at the 449 maximum axial load, the force contribution of N12 steel bars in Specimen B-S50 and B-S100 was 450 27% higher than the force contribution of A30 SEA sections in Specimens A30-S50 and A30-S100,
451
respectively. The maximum axial loads of Specimens B-S200 and B-S400 were 2.5% and 52%, 
